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MEASUREMENTS ON THE OPTICAL SYSTEM OF THE MARCONI MARK VII FOUR 
PLUMBICON COLOUR TELEVISION CAMERA 



SUMMARY 

Measurements are reported on the optical system of the Marconi four- 
plumbicon camera in respect of colour analysis, dichroic tilt, spectral charac' 
teristics of the luminance channel, overall optical efficiency, veiling glare 
index and optical transfer function. 



1. INTRODUCTION 



This report describes measurements on the com- 
plete optical system of a four-tube camera made for 
Marconi's by their sub-contractor Barr and Stroud. 
The relay lenses and field lens in the system were 
made by Dallmeyers. The optical system uses a 
relay lens in each channel (luminance, red, green 
and blue) and gives a reduction ratio of 1'9, viz. 
the ratio of the image orthicon format to the plum- 
bicon format. The prime image formed by either a 
zoom lens or a fixed focus lens is formed at a field 
lens and is re-imaged by the relay system. The 
luminance/chrominance and R.G.B. colour splitting 
is achieved in the frortt conjugate of the relay lens. 
The colour-splitting prism block is similar to that 
used by Philips.^ A block schematic diagram of 
the complete optical system is shown in Fig. 1. 

The measurements will be described under the 
main headings of colorimetry and optical perfor- 
mance. 



2. COLORIMETRY 

2.1. The Colouring Channels Measured at Normal 
Incidence 

Using a modified Unicam SP500 spectrophoto- 
meter, measurements were made of the transmission 
characteristics of the red, green and blue channels 
at normal incidence (corresponding to centre of 
field) in horizontal and vertical polarizations for a 
range of wavelengths 400 to 700 nm. As directly 
measured, transmission is given relative to a single 
ophthalmic lens but this has been corrected for in 
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Fig. 2 - Colouring channels 
Spectral transmission chiaracteristics at normal incidence 
— X-- horizontal polarization — o— vertical polarization 



Fig. 2. The transmission factor includes the effect 
of all optical components in the path, i.e. prism 
blocks, dielectric splitting and shaping filters, the 
relay lens and field lens. The system is relatively 
free from troublesome effects due to polarization. 
If any trouble were found, it could be removed by 
the use of a quarter-wave plate, ^ but it is thought 
unlikely that this will be needed. 

To evaluate the effective sensitivities of the 
colouring channels, the optical transmissions were 
multiplied (wavelength by wavelength) by the sensi- 
tivity of the appropriate plumbicon tube and the 
relative energy curve of the studio illuminant 
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Fig. 3 - Response of colouring channels in 3000° K illuminant 
Normalised areas 
Marconi camera BBC specification 



720 



(3000°K). The result is plotted in Fig. 3 together 
with the "optimum positive only" specification 
issued by the BBC (TV/ 126 and TV/ 148). The 
only respect in which the system is not close to the 
specification is the relative height of the blue- 
green crossover. Other important parameters are 
within the specification limits (see Table 1). 

2.2. The Luminance Channel Measured at Normal 
Incidence 

The spectral transmission characteristic of 
the luminance channel is shown in Fig. 4 for the 
two mutually perpendicular polarizations. As with 
two colouring channels, the effect of the plane of 
polarization is relatively slight and can probably 
be ignored in practice. The effective response of 
the luminance channel is obtained by multiplying 
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TABLE 1 
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* Allowance has been made for 3000°K illuminant in the figures quoted in Table 1. 
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the optical characteristic (mean value) by the 
response characteristic of the plumbicon tube and 
the spectral energy distribution of a 3000°K illumi- 
nant. The result is plotted in Fig. 5.* The photopic 
curve weighted by a 3000°K illuminant is also 
shown: it will be seen that there is an excess of 
output in the blue-green and green regions (470 to 
560 nm) and a deficiency in the red region (570 to 
700 nra). In view of the fact that the colour picture 
is observed with a white point corresponding to 
Illuminant C, it might well be argued that (for a 
studio camera) it is better for the luminance res- 
ponse of the camera to resemble that of the photopic 
curve weighted by Illuminant C. This curve is also 
shown in Fig. 5 and happens to give a closer fit to 
the experimental curve. This argument does not 
apply to the four-tube camera when used in natural 
daylight. 



If the processing of the luminance, red, green 
and blue signals is in accordance with "Livingstone 
Case 2", deficiences in the luminance response in 
the red and blue spectral regions can be used to 
offset the increased luminance which otherwise 
results for highly saturated and blue colours.-' A 

* This characteristic includes a luminance shaping filter 
(see Appendix). 



deficiency in the red is inevitable with existing 

plumbicon tubes: the deficiency in the blue is 

understood to be an intentional feature of the 
design. 

2.3. Optical Transmission of the System at 
Normal Incidence 

The transmissions quoted in Sections 2.1 and 
2.2 may be added to produce the curve (a) given in 
Fig. 6: this shows the overall optical transmission 
factor at each wavelength. The transmissions at 
the peak wavelengths of the colouring channels are 
somewhat low,** particularly in the blue channel 
where less than 25% of the incident light reaches 
the photocathode of the blue tube. At 545 nm (peak 
of the green channel) the transmission is just over 
50%. The transmission in the red channel must be 
judged in the region of 600 to 610 nm where a figure 
of about 42% is achieved: at 650 nm a transmission 
of nearly 50% is achieved but this is of no direct 
value because the standard plumbicon tube has 
little or no response at 650 nm. It should be noted 
that, due to the fundamental requirements of colour 
analysis, only the peaks of curve (a) could approach 
100 percent. 

** See Appendix for detailed measurements on individual 
optical elements. 
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Fig. 6 - Overall optical transmission of four plumbicon optical system 
Luminance, red, green and blue individual channels also shown 



On the basis of the measured optical trans- 
mission and a knowledge of the transmission of 
Varotal V zoom lens it is possible to estimate the 
sensitivity of the camera. Using the manufacturer's 
minimum guaranteed figure for the sensitivity of the 
plumbicon tube,* it is deduced that an incident 
light level of 206 lumens per square ft** on to the 
standard E.I. A. chart will give a signal-to-noise 
ratio of 38 dB in the luminance channel on white 
and signal currents in the R.G.B. colouring chan- 
nels of 0*02, 0*11 and 0*03 /J. A respectively. The 
head amplifier in the luminance channel is assumed 
to give 45 dB signal-to-noise ratio for a signal 
current of 0*3 /J- A. The zoom lens is assumed to be 
set to an aperture of f/8 giving an effective aperture 
of f/4*2 in the plumbicon channels and this gives 
the standard depth of field assumed in calculations 
of this type. 

* 325 fJ-A per lumen (2850°K) for a supply of 25 tubes. 

** Direct measurement has given a figure of 215 lumens 
per sq. ft: see Reference 3. 



A corresponding figure for a three-tube plum- 
bicon camera has been evaluated at about 118 
lumens per sq. ft. The difference in the sensi- 
tivities is largely caused by different utilizations 
of the incident light flux in the colour splitting 
blocks and is not necessarily a direct consequence 
of the four-tube versus the three-tube approach to 
the colour camera problem. 



2.4. Dichroic Tilt (in the colouring channels) 

The reflection/ transmission characteristics 
of a multilayer dielectric filter are a function of the 
angle of incidence and it is therefore difficult to 
design a colour splitting system which is entirely 
free from dichroic tilt.^ In the present case a 
variation of ±5*6° on to the prism splitting block 
is required to cover the picture height. The effect 
of such a change in angle has been measured in the 
spectrophotometer and the consequent changes in 
output in the R, G and B channels calculated. The 
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Fig. 1 - Variation in output of red, green and blue 

channels with vertical angle of incidence using 

plumbicon type 55875 in the red and green channels 

and type 55875B in the blue channel 

lUuminant 3000°K 

result is shown in Fig. 7. The calculated changes 
in the chromaticity of the white point are equivalent 
to about 3 jnds from top to bottom of the picture. 
This is definitely in excess of the threshold of 
perceptibility^ and will need to be corrected. 

2.5. Dichroic Tilt (in the luminance channel) 

The transmission characteristic of the lumi- 
nance channel is also a function of the angle of 
incidence and the result plotted in Fig. 3 applies 
to normal incidence only. Because of the different 
orientation of the luminance/ chrominance splitting 
block, it is necessary to consider an angle of ±7*5° 
(corresponding to picture width) in order to evaluate 



this effect. The calculated results for a neutral 
grey (based on measurements taken on the spectro- 
photometer) are plotted in Fig. 8. The subjective 
effect of this luminance tilt is unknown; the eye is 
fairly tolerant to symmetrical smooth changes of 
brightness such as occur in lens vignetting and it 
is possible that the asymmetrical variation shown 
in Fig. 8 will not be perceptible. Only a practical 
test can determine the position with certainty. 

2.6. Uniformity of the Dielectric Coatings 

Dichroic tilt due to change in angle of inci- 
dence is a fundamental effect but in practice there 
may be an additional source of colour error due to 
non-uniformity of the dielectric coatings. This may 
add to or subtract from the fundamental effect. An 
attempt was made to measure uniformity of the 
whole system by laterally displacing the system 
(less its field lens) with respect to a small beam of 
light emerging from the spectrophotometer and 
measuring the change in output. This is not an 
ideal way of performing this measurement since the 
vignetting of the relay lens is also included but it 
did not appear to be an easy matter to remove the 
two prism blocks and take measurements on these 
alone. The results will not be quoted in detail 
since their reliability is very questionable: the R, 
G and B output curves versus position follow one 
another fairly closely but there is an asymmetry in 
the shape of the mean curve which cannot be due to 
the vignetting of the lens. In view of the need for 
high precision in this type of measurement, it is 
felt that no useful comment can be made about 
uniformity on the basis of the present measure- 
ments. 
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Fig. 8 - Variation of output of luminance channel with horizontal angle of incidence 



3. OPTICAL PERFORMANCE 

3.1. Veiling Glare Index 

Two measurements were made of veiling glare 
index: in the first case, the veiling glare index of 
the complete system including a Varotal V lens was 
determined; in the second case the Varotal V was 
used to correctly illuminate the Marconi optical 
system but a small black square was afixed to the 
centre of the front surface of the triplet field lens 
and the veiling glare of the Marconi optical system 
alone was measured. 

The standard method of determining veiling 
glare^ was used in the first case. Care was taken 
to ensure that the first image of the test object 
was formed at the front surface of the field lens and 
that the zoom lens was correctly adjusted for back 
working distance and focus control. This measure- 
ment was taken at two apertures of the Varotal V 
lens (viz. f/4 and f/8) and for the luminance and 
green colouring channels. These measurements 
were repeated with the black spot on the field lens 
for the same apertures and channels. Additionally, 
the veiling glare index of the Varotal V lens alone 
was determined. This in fact was appreciably 
higher than the values previously measured for this 
type of lens.^ Veiling glare indices are not addi- 
tive so that the veiling glare of the complete system 
(Marconi four plumbicon and Varotal V) is less than 
the sum of the indices for the two separate parts. 
In the case of the luminance channel, it was not 
possible to measure the index to red, green and 
blue lights because there was insufficient light 
flux. The results are shown in lable 2. 



TABLE 2 
Veiling Glare Indices 



Aperture f/4 



Lighting 


Varotal V 
only 


Marconi 
4-P 
only 


Complete 

System 


4-P 

Channel 


Tungsten 
white 

Red 

Green 

Blue 


3-0% 

2-45% 

3-4% 

3-8% 


3-6% 
3-6% 


4-7% 
5-5% 


luminance 
green 



Aperture f/8 



Tungsten 










white 


3-0% 


5-1% 


6-0% 


luminance 


Red 


2-45% 








Green 


3-4% 


5-1% 


6-1% 


green 


Blue 


3-8% 









The magnitude of the veiling glare indices are 
fairly high although they are not unexpected in view 
of the large number of surfaces in the system (24 in 
the luminance channel and 26 to 29 in the colouring 
channels). One advantage which this system 
possesses is not revealed by our method of testing. 
If a light source is just outside the field of view, 
any light flux from this source will be stopped by 
the rectangular mask at the field lens, although 
this does not reduce the flare produced by the zoom 
lens under these circumstances. 

The system examined was new and the surfaces 
were reasonably clean. It is to be hoped that the 
sealing of the optical system is good, otherwise the 
veiling glare index will certainly increase as dust 
settles on the exposed surfaces. 

3.2. Optical Transfer Function 

The physical construction of the Marconi four- 
plumbicon optical system does not make the mea- 
surement of optical transfer function (o.t.f.) easy. 
In particular, the metal base plate extends for many 
inches behind the plane of the final optical image 
and this makes our normal method of measurement 
impossible. An additional relay system was there- 
fore used to transfer the image by about 4'/2 inches 
(115. mms): two microscope objectives were mounted 
at the ends of a tube of appropriate length and this 
in turn was mounted on to the usual microscope 
objective. This additional relay system was tested 
to see whether it produced any additional impair- 
ment in a known ima'ge resulting from an f/2 lens. 
Over the spatial frequency range to 20 cycles 
per mm no additional impairment was measurable. 
Because of the large forward extension caused by 
the microscope relay system, too much mechanical 
instability resulted to use the normal method of 
measurement (sine wave analyser).' As an alter- 
native, the spread function was recorded and the 
Fourier transform determined with the aid of a desk 
calculating machine. The results are shown in 
Fig. 9: a reasonably high value of modulation 
transfer factor is obtained at the video cut-off fre- 
quency. Varotal V does not give a perfect image: 
Fig. 9 shows the combined effect of the aberrations 
of both optical systems. Fig. 10 shows the perfor- 
mance of the Varotal V alone. 

The sharpness impairment of the image result- 
ing from a Varotal V and the Marconi four-plumbicon 
system is evaluated at about -1*58 limens.^ Varotal 
V alone (at the same focal length as used in the 
full system) gives a sharpness of about -1*0 limens. 
The lenses designed for use with a three-plumbicon 
camera give sharpness impairments of about -1'6 
limens at the corresponding focal length. It is thus 
seen that the four-plumbicon system gives about the 
same performance as the three-plumbicon system in 
respect of sharpness. From a more detailed inspec- 
tion of the results it may be shown that greater 
uniformity of o.t.f. over the field occurs in the case 
of the four-plumbicon system. 
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Fig. 9 - Modulation transfer functions of complete optical system including a Varotal V lens at full aperture 
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Fig. 10 - Modulation transfer functions of Varotal V No. 698353 at 120 mm focal length and an aperture of f/4 

Test object at infinity 



4. CONCLUSIONS 

The colorimetric performance of the colouring 
channels of the Marconi four-plumbicon optical 
system is very close to that demanded by the BBC 
Specifications TV/126 and TV/148. The separate 
luminance channel has a spectral response fairly 
close to the photopic curve and use has been made 
of the deficiencies in the red and blue parts of the 
spectrum to improve the colour accuracy using 
"Livingstone Case 2" signal processing. Dichroic 
tilt is estimated to be appreciably above the thres- 
hold value and will need to be corrected. Overall 
optical efficiency is slightly disappointing even 
allowing for the complexity of the optical system 
and this will necessitate higher lighting levels in 
the studio. The sharpness of the optical image is 
comparable with that produced by other (three-tube) 
cameras. Veiling glare indices are rather high (5 to 
6%) but not unduly so in view of the Targe number of 
surfaces in a complete system (including a zoom 
lens). 
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APPENDIX 



Section 2.3 comments on the overall optical 
efficiency of the Marconi four-plumbicon optical 
system. Because of the importance of optical 
efficiency in relation to sensitivity, it was felt 
desirable to examine the individual elements of the 
system to ascertain precisely how light flux is lost 
(or absorbed). These additional measurements were 
made possible by the co-operation of Marconi's who 
sent one of their staff to take the optical system to 
pieces. 



4. Output of green channel of colour splitter over 
the range 460 to 62 nm. 

5. Output of blue channel of colour splitter over 
the range 400 to 520 nm. 

6. Luminance shaping filter over the range 400 to 
660 nm. 

7. Red shaping filter over the range 400 to 650 nm. 



The following measurements were made on the 
Unicam spectrophotometer: (In all cases the light 
flux was incident normal to the optical elemdnt and 
a quarter wave plate was inserted at the exit slit of 
the spectrophotometer to overcome polarization 
effects). 



8. Green shaping filter over the range 400 to 
650 nm. 

9. Blue shaping filter over the range 400 to 650 nm. 

10. Relay lens plus glass block (green channel) at 
450, 550 and 650 nm. 



1. Output of luminance channel of luminance 
splitter at 640 nm. 

2. Output of colouring channels of luminance 
splitter over the range 400 to 660 nm. 

3. Output of red channel of colour splitter over 
the range 560 to 650 nm. 



11. Relay lens of each channel at 450, 550, 600 
and 650 nm. 

12. Equalising glass block in luminance channel 
at 450, 550 and 650 nm. 

The detailed results of items 2 to 10 are plot- 
ted in Figures 11 to 15. 





























































































































A 


A 


\ 


K 






























/ 








\ 


k 


























' 


( 










N 


\, 






































\ 








































\ 


















^ 






















1 


•s^ 
















c 

D 

40 
























N 


k. 


k> 




















































































































30 










































































20 










































































10 


















































































































520 560 

wavalangth.nm 



¥ig. 11 - Transmission characteristics of colouring channel of luminance splitter 
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¥ig. 12 ' Transmission cnaracteristics of equalizing glass block (luminance channel) and of relay lens and 

glass block (green channel) 
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Fig. i.? - Transmission characteristics of colour splitting block over relevant spectral regions 
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big. 14 - '1 ransniission characteristics of shaping filters used in the Marconi four-plumbicon optical system 
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Fig. 15 - Transmission characteristics 

of a typical set of relay lenses 

These lenses constitute a typical set, 

but they are not the actual lenses used 

in Optical System No. 56 



It is helpful to construct a "balance sheet* 
showing the transmission factor of individual ele- 
ments at the peak wavelengths of the luminance, 
red, green and blue channels. This is shown in 
Table 3. The product of the five elements is quoted 



and also the measurement on the complete optical 
system as given in the main text. The agreement is 
reasonable for the luminance, red and green chan- 
nels, especially in view of the fact that the indi- 
vidual elements were cleaned prior to measurement. 



TABLE 3 

Transmission Factors of the 
Marconi> Four-Plumbicon Optical System No. 56 





Luminance 


Red 


Green 


Blue 




channel 


channel 


channel 


channel 




at 


at 


at 


at 




640 nm 


640 nm 


550 nm 


450 nm 


Luminance splitter 


0-41 


0-503 


0-654 


0-835 


Relay lens + block 


0-76 


0-805 


0-84 


0-80 


Colour splitter 




0-76 


0-83 


0-77 


Shaping filter 


0-954 


0-951 


0-845 


0-592 


Field lens 


0-942 


0-942 


0-942 


0-933 


Glass block 

Product 

Direct measurement on 


0-930 








0-260 


0-276 


0-363 


0-284 




complete system 


0-239 


0-253 


0-345 


0-225 



Note: The red channel (and lumi- 
nance channel) are quoted at 
640 nm because both chan- 
nels reach an approximately 
constant value of transmis- 
sion at this wavelength and 
this determines the lumi- 
nance/chrominance splitting 
ratio. In terms of the red 
channel, the transmission at 
600 to 605 nm is more rele- 
vant, as stated in Section 
2.3. 
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The discrepancy in the measurements relating to the see where any substantial improvements can be 

blue channel is not understood but is not thought to effected, 
be too serious because the blue channel does not 

control the sensitivity of the camera. One possible improvement might result from 

broadening the pass-band of the colouring channels 

Although the "relay lens + block" and the blue by using broader band shaping filters and using an 

shaping filter have lower transmission factors than electrical matrix to implement negative lobes in the 

might be expected, most of the optical elements sensitivity curves.^ Even so, the improvement in 

have high transmission factors and it is not easy to sensitivity would probably not exceed 1 or 2 dB. 



SMW 
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